This case study examines seed colour during ripening using an exhaustive colorimetric analysis. The aim was to associate the chemical ripening with the seed colour in order to estimate the ripening stages of Cabernet Sauvignon grapes. Cluster samples, obtained from a vertical shoot-positioned vineyard in central Chile, were monitored for their technological and phenolic maturity, as well as for the colorimetric and chemical characteristics of the seeds. The colours of the scanned seed images were determined by human as well as by computer vision. In the first case, an expert assigned a colour to each seed part. In the second case, a computer program estimated the colours of the scanned seed images. An exhaustive analysis of seed colour was proposed, instead of a general observation of seed browning. The seed colour presented a wide range of colours, from moss green to dark brown, depending on the maturity and the face observed. The ripening stages identified, along with the chemical and colorimetric information gathered, were under ripe seed (brown with green traces), ripe seed (dark brown with green traces) and overripe seed (dark brown without any green traces). A new way to quantify seed colour is shown in this paper.
INTRODUCTION
The estimation of harvest maturity is still a challenge for researchers: recent studies have attempted to predict harvest dates using climatic data (Sadras & Petrie, 2012) , precision agriculture (Schoedl et al., 2012) or consumer preferences for different harvest dates (Bindon et al. 2013; 2014) . The harvest date decisively affects the resulting wine. GonzalezBarreiro et al. (2014) highlighted molecular variations, along with harvest dates, that affect the flavour balance of wine berries. Furthermore, in the corresponding wines, desirable yeast-derived metabolites increased as the ripening progressed, while other, undesirable volatile metabolites decreased at the same time (Bindon et al., 2013) . Achieving phenolic maturity is a strong reason to delay the harvest, even after technological maturity occurs; in addition, climate change accentuates the delay between technological maturity and phenolic maturity (Meléndez et al., 2013) . Bindon et al. (2013) highlighted that consumers preferred Cabernet Sauvignon wines from grapes harvested later. However, late-harvested Cabernet Sauvignon grapes can suffer from malodours and climate risks that can potentially decrease wine quality (Pszczolkowski et al., 2001) . Fine red wines are often harvested late and thus make it necessary for the wine industry to use complementary harvest criteria during the final ripening period. When the changes in colour are subtle, the over-maturation risks remain latent and the subjective criteria of oenologists sometimes prevail over other criteria.
A pioneering and simple harvest maturity criterion was proposed by Ristic & Iland (2005) , who noted that seed colour is related to the overall berry maturity and therefore proposed a seed colour chart for human observation in order to estimate maturity in Syrah. Following the same line, Fredes et al. (2010) proposed a seed colour wheel for Carmenere seeds. In this scale, the colour moves from green to dark brown because of the oxidation during ripening (Kennedy et al., 2000) . Thus, harvest maturity should take place when seeds achieve a very dark brown seed colour (Ristic & Iland, 2005 , Fredes et al., 2010 . At the other end of the seed colour scale, the seeds can still present green traces, even at advanced stages of ripening. Thus, oenologists do not even consider starting the harvest and then arguing that the green seeds transferred all the green characteristics to the wine. Rousseau and Delteil (2000) indicated tasting problems related to the astringency of seeds with green traces, but there are no colour charts that consider the green colour of the seeds as a harvest indicator.
Seed maturity is a controversial concept because oenologists often wait too long for the grapes to reach this hypothetical maturity stage and excessively delay the harvest without achieving any advantages. Casassa et al. (2013) suggested that delaying harvest to achieve seed browning may be a relatively lesser factor affecting tannin extraction during maceration. This controversy springs from a confusion between seed browning and seed maturity; the former is related to a chemical composition as well as to representative colour, and the latter to acoustic and mechanical properties (Torchio et al., 2012) , seed texture (Le Moigne et al., 2008) , chemical properties (Kennedy et al., 2000) , as well as seed colour properties (Ristic & Iland, 2005) .
The seeds present a wide range of colours, from moss green to dark brown, depending on the maturity, the face examined and the part observed. Furthermore, each seed part turns brown at different times during ripening (Ristic & Iland, 2005 , Cadot et al., 2006 . Nevertheless, studies regarding seed colour are based on a representative average. A good description of ripe grapevine seeds was elaborated by Bondada & Keller (2012) , as follows: "pear-shaped geometry, rough surface, a pair of distinctive ventral infolds (also known as fossettes, seed folds, or rumination ingrowth), a centrally positioned dorsal chalaza knot, a prominent longitudinal ridge, known as keel or karina between the fossettes, a raphe lengthened along the keel, passing through the apical notch, ending with the chalaza on the dorsal side, a beak of varied appearance characteristics". The dominant colour of ripe seeds is dark brown on the chalaza, karina and both lateral sides. Secondarily, the light brown or moss-green colour is found in the fossettes and on the upper dorsal and ventral beak, in the form of a ring (see a ripe seed in Fig. 1 ).
Human observation presents certain inconsistencies in assigning colours, for example the appearance of the colour of an object changes with the colour of the surrounding areas, with the observer's state of adaptation to light and darkness, and with the amount of lighting. These phenomena produce a distortion of the object's true colour, resulting in subjective appreciations (Foster, 2011 ). An alternative to this subjective, human observation of seeds was proposed by Rodríguez-Pulido et al. (2012b) , who automated the colour assignment of the Vitis vinifera seeds by incorporating computer vision techniques. Nevertheless, this technology has not yet been capable of detecting any colour differences in lapses shorter than a month during ripening (Ávila et al., 2014; Rodríguez-Pulido et al. 2012b) . Furthermore, computer vision technology requires some very expensive hardware, such as cameras with a diffuse-light anti-shadow chamber, as well as specific software to define the representative seed colour (Rodríguez-Pulido et al., 2012b) . A recent series of studies developed at the Universidad Catolica del Maule (Chile) (Ávila et al., 2014; Oyarce, 2014; Zuñiga et al., 2014; Ávila et al., 2015) proposed a simple computing methodology to capture images with a simple scanner and a digital seed colour scale to define seed colours by image treatment and pattern recognition (Gevers & Smeulders, 1999) . However, this methodology has not yet been associated with the chemical parameters usually employed in assessing grape ripening. The present study aims to fill this gap.
The colour of the scanned seed images was analysed according to both computer as well as human vision. Human observation allows the assignment of different colours to each seed part instead of using a single representative colour for the whole seed. Computer vision allows the analysis of specific colours related to ripeness. This is the first attempt to study seed colour by combining computer vision and human vision drawn from scanned images of seeds (Ávila et al., 2015) . The aim was to associate the chemical ripening with the seed colour in order to estimate the ripening stages in Cabernet Sauvignon grapes.
MATERIALS AND METHODS

Grape sampling
This study was carried out in a self-rooted Cabernet Sauvignon vine clone 337 vineyard in Central Chile during the 2013 season. The adapted training system was vertically shoot positioned and the vines were drip irrigated. A total of 400 g of lateral bunches of clusters from 600 vines were randomly collected for each sampling date. The selected vines had the same vegetative vigour, as determined by the trunk diameter and canopy volume. In the case of the computer vision experiment, the sampling was carried out at seven-day intervals from the start of véraison up to 56 days after véraison (DAV); after that date, the sampling was carried out every three days. In the case of the human observation experiment, the sampling was carried out at seven-day intervals only from 56 to 91 DAV. The collected samples were transported to the Agronomy Laboratory at the Universidad Catolica del Maule (Chile) in a cooler in order to carry out the analysis.
Image scanning
The scanner is a simple device used to register images in a relatively controlled environment in order to obtain the same lighting conditions. A Canon MP-280 scanner with a resolution of 600 DPI was used for this study. For the computer vision analysis the seeds were removed from the berries immediately before scanning and plunged in a 10% metabisulphite solution in order to stop the oxidation processes and detect the seed colour more clearly at the moment of fruit picking. In the case of the human observation analysis, the observations were carried out on fresh and justharvested seeds in order to emulate the observation process of the oenologists. The scanner analysis was performed on 100 to 200 seeds for both seed groups; the seeds were chosen randomly from the samples. No Botrytis, mould or powdery mildew was observed in any of the samples.
Seed colour analysis by human observation
To perform the human observation of colour by part, the scanned seed images were edited using the image editor, Paint for Windows ® (Microsoft Corporation, Redmond, Washington, USA). Once the images had been obtained, the first step was to randomly select 40 seeds from the scanned images. The second step was to enlarge the images of the selected seeds. The third step was to separate the seeds by parts: enveloping circle of the chalaza, chalaza, fossettes, the entire dorsal face and the karina. The fourth step was to compare each seed part by human observation with the seed colour wheel of Fredes et al. (2010) in order to assign a nominal colour, from 1 (the greenest) to 11 (the darkest). 
Seed colour analysis by computer vision
In order to perform computer vision analysis, the scanned images of seeds treated with antioxidant were first processed to solve two defects reported as shadows and highlights. A robust segmentation method, based on Gevers & Smeulders (1999) , was applied to the scanned images in order to solve these defects (Oyarce, 2014) . After the segmentation step, the seed colour was computed in the CIELab space using the average of the three channels in the colour space. Thereafter, the lowest Euclidian distance was calculated between the real colour and the representative colour in the colour scale of Ávila et al. (2015) in order to assign a nominal colour value (Oyarce, 2014) . The MATLAB® program was used to assign a colour to each pixel of the scanned images, and to compute the percentages of the coloured pixels according to the colour scale (see Fig. 2 as reference) . Zuñiga et al. (2014) describe the algorithms used in the treatment of the scanned seed images.
Chemical analysis of grapes during ripeness
Some of the fresh berries were analysed for soluble solids (°Brix), titratable acidity (g/L tartaric acid) and pH according to traditional chemical analyses (Bordeau & Scarpa, 2000) . Other berries were frozen to -18°C and, when thawed, these berries were analysed with the Glories method (Saint Criq de Gaulejac et al., 1998) , which delivered the seed maturity index (%), the extractability of anthocyanins (%), the total anthocyanins (mg/L) and the extractable anthocyanins (mg/L). Furthermore, the grape total tannins from the skin and seeds were analysed by the precipitation of tannins with methyl cellulose (Mercurio & Smith, 2006) . In addition, the weight of 100 fresh berries was assessed for each sample. The analyses were carried out in triplicate.
Statistical analysis
The following three statistical analyses were carried out with the SPSS software package release 17.0 (IBM Corporation, Armonk, NY, USA)
Linear regression
A total number of 75 points in the Cartesian plane (X, Y) was used to fit the curve and obtain the coefficient of determination (R 2 ) using all the replicates. The X value corresponded to the days after the start of véraison (DAV) and the Y value corresponded to the chemical and physical values aforementioned.
One-way analysis of variance
Data from the human observation experiment was analysed by ANOVA in order to determine the effect of the six harvest dates (56, 63, 70, 77, 84 and 91 DAV) on the colour of the six seed parts (enveloping circle of chalaza, chalaza, fossettes, entire dorsal face and karina). Tukey's multiple comparison test was used to detect which means were different with a level of significance of 5%. The analysis included the nominal colours assigned to the six seed parts that were taken from 40 randomly selected scanned images of the seeds (see Fig. 1 as reference) .
Pearson correlation
A Pearson correlation (R) was performed to obtain the degree of correlation between the colour of the scanned images of the seeds treated with antioxidant, defined as a pixel percentage of moss green or dark brown (see Fig. 2 as reference) , and the total anthocyanins, extractable anthocyanins, seed maturity index and total grape tannins. A number of 75 points was used in each Pearson correlation, corresponding to 25 sample dates with three replications.
RESULTS AND DISCUSSION
Description of chemical ripening
The technological ripeness was reached at 60 DAV, with acceptable levels of soluble solids (22.5°Brix) and a total acidity (7 g/L of tartaric acid) suitable for making basic wines, but the phenolic maturity occurred afterwards (SaintCricq de Gaulejac et al., 1997; Meléndez et al., 2013) . Even when the grapes had not yet been harvested, the seeds continued turning brown. The seasonal trend of soluble solid concentration had a logarithmic shape, with the stabilisation at 60 DAV (Fig. 3) . The seasonal trend in berry weight variation and total grape tannin concentration is shown in Fig. 4 . The berry weight followed a typical curve that reached its maximum during ripeness and decreased during over-ripening (Ribéreau-Gayon et al., 2006) . The grape total tannins presented a slow increase just after the start of véraison and a further continuous decrease when véraison ended (Kennedy et al., 2000) (Fig. 4) .
The general trend in the phenols produced by the Glories method during ripening has already been demonstrated by Saint-Cricq de Gaulejac et al. (1997) and Ribéreau-Gayon et al. (2006) : the seed maturity index decreases while the anthocyanin concentration increases during ripening. The seed maturity index, which represents the contribution of seed tannins in the grape (Saint-Cricq de Gaulejac et al., 1998) , decreased to around 40% at 82 DAV, when the high levels of the extractable anthocyanins (250 mg/L) and total anthocyanins (450 mg/L) reached a plateau. The fruit should be ready to be harvested for fine wines when the seed tannins and skin anthocyanins reach the minimum and maximum concentrations respectively, and this occurred at approximately 82 to 84 DAV (Figs 4 and 5) . The high variability of the phenols during ripening found in this study has already been described by Saint-Cricq de Gaulejac et al. (1997) and Ribéreau-Gayon et al. (2006) .
Seed colour by human observation
The colours estimated by human vision were significantly different at each of the observation dates as well as for each of the seed parts (Table 1 ). The seed part that presented the slowest browning was the fossettes, with a green colour that persisted during ripening, turning into a light brown colour only at 84 DAV. The colour of the fossettes ranged between colour numbers 2.2 and 3 (moss-green colour) at the beginning and became light brown (colour number 4) in over-ripeness. The other dorsal face parts, such as the chalaza and karina, turned brown earlier, ranging between colour number 4.9 (light brown) and 8.9 (dark brown). Major colour differences were observed between the seed parts rather than across the entire dorsal seed, implying that a specific observation by parts gives more accurate results than the observation of the entire seed, because the latter often hides important details for the recognition of the maturity stage of the seeds.
Between 63 and 77 DAV, the seeds had green traces in the fossettes (colour numbers 2.92 to 3.83), whereas in the last dates (84 and 91 DAV) the colour green turned to brown (colour numbers 4.0 to 4.38). The notorious contrast between the green tissues of the fossettes, which are surrounded by ( †) According to the seed colour wheel for human vision (Fredes et al., 2010) , which assigned the numbers 1 to 3 to green, 4 to 7 to brown, 8 to 11 to dark brown and 12 to black. darker tissues, allowed for a clearer colour assignment. In order to achieve a higher consistency in the determination of a colour, the observation should be focused on the ventral fossettes due to the higher colour contrast in them (Foster, 2011) (Table 1) . Rousseau & Delteil (2000) associated the green tissues of seeds with astringent tannins and advised that harvest should not take place when green traces are present. Using human observation, Ristic & Iland (2005) and Fredes et al. (2010) took into account the average between the dorsal and the ventral colours in order to find a very dark brown seed colour in harvest maturity. In contrast with these general observations of seed browning, this study proposes an observation of the specific colour, as well as of a specific part of the seed.
Seed colours by computer vision
The histograms in Fig. 2 show all of the colours detected in the seeds by computer vision on the three different dates. The most prevailing colour progressively became darker as ripening progressed, moving from light brown, at 5 DAV, to a very dark brown at 92 DAV. The colour scale used in this study was divided into three and 12 parts and delivered new information to understand the colour changes in the seeds.
As indicated by Ristic & Iland (2005) , an increase in thickness and hardness of the seeds, as well as a strong browning, was observed with ripening. Fig. 6 shows that, at the beginning of ripening, the green colour presented a dramatic decrease between 4 and 14 DAV. The brown colour was characteristic of the early stages of the ripening process (before 60 DAV), but in advanced maturity the green tissue of the fossettes and of the ring in the upper beak, on the ventral side (see the ventral face of the seed in Fig. 1 as reference) , decreased progressively (60 and 93 DAV) (Fig. 6 ). Ristic and Iland (2005) indicated that, from 60 DAV, the seeds shrink and wrinkle while the air space enveloping them enlarges, triggering the browning. Moreover, due to moisture loss, roughness increased and the raphe, keel, chalaza and fossettes showed an increasing difference between them (Ristic & Iland, 2005) . Fig. 6 demonstrates that the dark brown colour increased gradually with ripening and became predominant at the end (93 DAV), except for the light brown colour of the fossettes (Table 1 ).
In the study of Fredes et al. (2010) on human observation of fresh seeds, changes in seed colour were relatively constant, but during the last stages (50 to 82 DAV) seed colour varied only marginally -by 2% weekly. In this study, the dark brown colour undergoes hardly any variation after 60 DAV (Fig. 6) . Kennedy et al. (2000) call the period after berry weight has reached its maximum (60 DAV), "non-programmed oxidation". This ripening period has been characterised by an accumulation of nonanthocyanin glucosides, a levelling in phenolic extraction and composition (Coombe & McCarthy, 2000) , complete FIGURE 6 Evolution of dark brown, brown and moss-green colours assessed by computer vision during the ripening of Cabernet Sauvignon in 2013.
seed desiccation and rapid seed browning (Kennedy et al., 2000; Ristic & Iland, 2005) . Human vision and computer vision can recognise the absence of the colour green. This leads to the question how many pixel percentage means the disappearance of the green colour from the seeds. Computer vision set the green colour at 1.34% and 0.75% for ripeness and overripeness respectively; therefore, the threshold of the green that vanishes from the seed should be between these two levels. Nevertheless, this information must be confirmed with further research.
Relationship between seed colour and grape and seed ripeness Based on the analysis of technological and phenolic maturity, as well as seed colour, three seed-ripening stages are proposed in this study. The first period, of the "green seed", starts at véraison and finishes at 60 DAV. Ristic & Iland (2005) have indicated that 90 days after flowering (60 DAV) is a critical time at which berry weight is at a maximum and soluble solids are around 21°Brix. The present study also registered maximum berry weight at 60 DPV (Fig. 4) .
During ripening, the percentage of dark brown colour increases quickly from the start of véraison and stabilises at around 56% at approximately 60 DAV (Fig. 6 ). In contrast, the moss-green colour presented a rapid decrease from véraison to 20 DAV, followed by an even slower decline. The light brown colour maintained a much lower change rate than the other two colours, thus it was discarded from further analysis. The results of this study suggest that attention should be paid to the edges of the colour scale (green and dark brown) (Fig. 6) .
The "ripe seed period" occurred thereafter, from 60 DAV to 82 DAV. During this time the seed colour turned brown with moss-green traces and the technological maturity was acceptable. However, harvest maturity had not yet been reached; at this point, oenologists must wait to achieve better phenol contents. It is important to highlight that, at the beginning of this period, the seed tannin concentration still was high.
At the end of this stage, the moss-green colour vanished completely from the fossettes (Table 1 ) and the maximum levels of anthocyanin concentration and the minimum seed maturity index and total grape tannin levels were set (Fig. 5) . The transition between the ripe seed period and the overripe period could mark harvest maturity for fine wines.
Finally, the "overripe seed period" started at 82 DAV. At this time a noticeable dark brown colour predominated in the seeds, while soluble solid were concentrated as a result of slight dehydration (Fig. 3) and total anthocyanins decreased slightly (Fig. 5) . The rapid seed oxidation in the air space enveloping the seeds produced tannin polymerisation (Ristic & Iland, 2005) and the extinction of the green tissues of the seeds. To delay the harvest at this point will affect the quality and quantity of the crop (Kennedy et al., 2000; Ribéreau-Gayon et al., 2006) , alter the metabolic processes during fermentation (Bindon et al., 2014) and increase the risk of grape diseases (Pszczolkowski et al., 2001) . In this study, the aforementioned ripening stages of the seeds were synchronised with the ripening stages of the whole berry.
The literature indicates a significant relationship between seed colour and the phenolic composition of berries during ripening. For example, Rodríguez-Pulido et al. (2014) identified coefficients of determination of R 2 = 0.73 for the total flavanol content and R 2 = 0.85 for the flavanols as assessed by hyperspectral images. Ristic & Iland (2005) also found a relationship between seed colour value and phenols for two seasons, specifically between the average colour and the grape total tannins (R 2 = 0.77 and 0.67 in seasons 1 and 2 respectively); colour and total anthocyanins (R 2 = 0.88 and 0.83); and colour and skin total phenolics (R 2 = 0.85 and 0.82).
The present study makes use of different colours instead of a single representative colour, and the results show that both moss-green and dark brown colours (at opposite ends of the colour chart) were related to the chemical compounds of the grapes. The significant positive relationship between seed browning and anthocyanins in grapes, reported by Ristic & Iland (2005) and Rodríguez-Pulido et al. (2012a) , was ratified by this experiment, with highly significant (p < 0.01) Pearson correlations between the dark brown (pixel %) and the total and extractable anthocyanins (mg/l), which were R = 0.82 and 0.83 respectively. Furthermore, there was a significant inverse relationship between the green colour (pixel %) and the anthocyanins (R = -0.76 and R = -0.79 for the extractable and total anthocyanins respectively) and a significant positive relationship between moss green (pixel %) and the seed maturity index (%) (R = 0.66). Moreover, the seed maturity index (%) was negatively related to the dark brown colour (pixel %) (R = -0.71), as also reported by Fredes et al. (2010) .
In contrast, no significant relationship between seed colour and grape total tannins emerged (R = -0.36 and 0.31), or between the grape total tannins (mg/g epicatechin gallate) and the dark brown and green colours (pixel %) respectively. This study did not concur with the findings of Ristic & Iland (2005) on seed browning and grape total tannins, possibly because of the increase and further drop of grape total tannins during véraison, as reported by Kennedy et al. (2000) , as well as by the high variability of the samples. Ristic & Iland (2005) noted that, when seeds become mature, the phenolic content of grapes can be significantly different, even if associated with similar seed colour values. This variability increases even further in the case of seeds, since there generally are two to four seeds per grape.
A novel computer vision methodology used to estimate the colours of scanned seed images has been developed and tested with promising results; nevertheless, further research is required in order to achieve higher levels of accuracy. Overall, it is worth emphasising that the observation of seed colour serves only as a general criterion for assessing seed and grape maturity, as indicated in Ristic & Iland (2005) , and that it constitutes another element in the multidimensional problem of maturity estimation. CONCLUSIONS During ripening, the seed colour presents a wide range of colours, from moss green to dark brown, and the presence of these colours depends on the maturity period and face observed. An exhaustive analysis of seed colour was proposed, instead of a general observation of seed browning. Considering the berries' chemical composition, seed maturity was classified into three stages according to seed colour: under-ripe seed (brown with moss-green traces, before 60 DAV), ripe seed (dark brown with small mossgreen traces, between 60 and 82 DAV) and overripe seed (dark brown without moss-green traces, post 82 DAV). Grape technological maturity was observed when the seeds still were brown with green traces in the fossettes, whereas overripe grapes implied the disappearance of the green traces from the seeds; this transition could mark the harvest maturity for fine wines.
The computational processing of the scanned images of the seeds allowed for the accounting of all the colours that were present in the seeds, from green to dark brown, by providing information about the pixel percentage of each of the colours present in the seeds.
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